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INTRODUCTION. 


Polyphase  systems  of  distribution  are  used  to  a great  ex- 
tent in  transmitting  power  to  motors  of  medium  and  large  sizes; 
i,e.  above  ten  horse  power.  These  motors  may  be  in  the  form 

of  synchronous  motors,  synchronous  converters  or  induction  mo- 
tors. Under  certain  conditions  the  polyphase  induction  motor 
has  a balancing  effect  upon  the  circuits,  the  investigation  of 
which  is  the  subject  of  this  thesis. 


GENERAL  THEORY. 

A p ol^/phase  system  which  supplies  power  for  uses  other 
than  driving  polyphase  motors,  will  in  many  instances  be  found 
unbalanced; ' i. s.  the  pressures  across  the  various  phases  at  any 
point  in  the  circuit  will  not  be  equal.  This  unbalance  is  due 
to  a greater  load  upon  one  phase  than  upon  another.  An  exam- 
ple of  this  kind  is  a lighting  load  or  a single  phase  motor 
load  which  is  not  equally  distributed  fco  the  different  phases. 
The  phase  which  has  the  greatest  load  placed  upon  it  will  have 
the  greatest  resistance  and  reactance  drop.  The  amount  of  un- 


, 
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balance  will  be  greatest  at  points  neaiest  to  the  unbalancing 
load.  It  is  immaterial  whether  the  unequal  amounts  of  drop 
in  pressure  in  the  different  phases  is  due  to  unequal  amounts 
of  current  flowing  in  phases  having  equal  amounts  of  resistance 
and  reactance,  or  equal  currents  flowing  in  phases  having  un- 
equal amounts  of  resistance  and  reactance.  In  practice  the 
unbalance  condition  of  the  circuit  is  generally  due  to  both 
unequal  currents  and  unequal  amounts  of  resistance  and  reac- 
tance in  the  different  phases. 

When  the  phases  are  unbalanced  the  transmission  losses  are 
increased  and,  in  case  of  a lighting  load,  the  regulation  is 
very  unsatisfactory.  It  is  therefore  desirable  to  keep  the 
phases  as  near  balanced  as  possible.  This  may  be  accomplished 
more  or  less  completely  by  the  use  of  some  special  machine  such 
as  a motor-generator  set.  Under  certain  conditions  it  is 
known  that  the  polyphase  induction  motor  will  act  in  a manner 
somewhat  similar  to  a motor-generator  set,  and  will  tend  to 
balance  up  the  pressures  in  the  different  phases.  If  the  poly- 
phase induction  motor  will  produce  a balancing  effect  under 
ordinary  operating  conditions  it  is  desirable,  from  this  stand- 
point, to  have  such  machines  in  operation  upon  polyphase  cir- 
cuits . 
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THEORY  OP  MOTOR  OPERATION, 

The  polyphase  induction  motor  has  two  main  elements:  the 
stationary  portion,  known  as  the  stator,  and  the  rotary  por- 
tion, known  as  the  rotor.  Current  is  generally  supplied  to 
the  windings  upon  the  stator  in  which  case  they  are  known  as 
the  primary  windings.  The  varying  field  set  up  by  the  current 
in  the  primary  induces  a current  in  the  rotor  windings  which 
are  then  known  a3  the  secondary  windings.  There  are  as  many 
separate  circuits  in  the  primary  as  there  are  phases  for  which 
it  is  wound.  Each  phase  has  as  many  groups  as  there  are  poles. 
The  alternating  current  in  each  phase  causes  the  polarity  of 
each  group  or  pole  to  alternate.  Resultant  poles  are  formed 
by  the  combined  action  of  the  different  phases..  These  resul- 
tant poles  shift  their  position  with  the  alternations  and  form 
a revolving  field.  The  revolving  field  produces  an  electro- 
motive force  and  current  in  the  secondary  windings.  The  value 
of  this  electromotive  force  and  current  depends  upon  the  rate 
at  which  the  magnetic  lines  of  force  are  cut  by  the  conductors 
of  the  secondary.  The  action  of  the  current  in  the  secondary 
upon  the  rotating  field  of  the  primary  gives  a turning  torque 
to  the  rotor.  The  current  in  the  secondary  decreases  as  the 
speed  increases  up  to  synchronous  speed  where  no  lines  of  force 
are  cut  and  the  current  is  zero,  When  the  current  in  the 
secondary  is  zero  the  torque  given  to  the  rotor  is  also  zero. 

It  is  evident  that  the  rotor  will  always  revolve  at  a speed  of 


. 
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a sufficient  amount  below  synchronous  3peed  to  produce  the 
torque  necessary  to  equal  the  opposing  torque  of  the  load  upon 
the  motor.  If  mechanical  power  is  applied  to  the  rotor  and 
it  is  driven  above  synchronous  speed,  while  a magnetizing 
current  is  supplied  to  the  primary,  the  motor  will  act  as  a 
generator  and  electrical  energy  will  be  given  out  to  the  cir- 
cuit , 


DESCRIPTION  OF  APPARATUS, 

In  these  tests  power  was  supplied  to  the  motor  by  means 
of  a motor  generator  set  which  consisted  of  a direct  current 
45  K.W.  Westinghouse  generator,  receiving  power  from  the  Uni- 
versity power  plant  and  delivering  power  through  a belt  drive 
to  a Westinghouse  two  phase  generator  having  a capacity  of 
100  amperes  and  delivering  current  at  a pressure  of  440  volt 3, 
The  motor  upon  which  the  experiments  for  balancing  effect 
«rere  made  was  a 15  horse  power.  400  volt,  two  phase  induction 
motor  built  by  the  Westinghouse  Electric  Mfg,  Co,  This  motor 
is  of  a type  and  size  which  is  in  very  common  use  upon  poly- 
phase distributing  circuits.  The  circuits  were  comparatively 
short  and  of  low  resistance  as  might  be  expected  in  laboratory 
practice.  To  make  the  conditions  as  near  as  possible  to  those 
found  in  actual  practice  resistance  was  placed  in  series  with 
one  of  the  phases  and  a lamp  bank  load  placed  upon  this  phase. 
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The  currant  for  both  the  lamp  bank  and  one  phase  of  the  motor, 
passed  through  the  resistance.  This  resistance  consisted  of 
a rheostat  constructed  of  iron  strips  wound  upon  a frame 
such  a manner  as  to  make  it  non-inductive.  An  inductive  load 
could  be  added  to  this  same  phase  by  placing  in  series  with 
the  lamp  bank,  the  primary  coil  of  a current  transformer,  the 
secondary  coil  of  which  was  opencircuited.  The  pressure  upon 
the  lamp  bank  was  reduced  from  440  volts  to  110  volts  by  means 
of  a 7-f  K.W.  Westinghouse  transformer. 

A 220  volt,  51  Ampere  Triumph  Motor  was  belted  to  the  ma- 
chine under  test.  By  placing  a lamp  bank  load  on  the  Triumph 
Motor  a load  of  any  desired  value  could  be  placed  upon  the  in- 
duction motor.  The  instruments  used  in  the  experiments  made 
upon  the  motor  were  of  the  portable  type.  The  voltmeters  and 
ammeters  were  of  the  Thompson  make  and  the  wattmeters  of  the 
Weston  make.  The  connections  for  the  instruments  are  shown 
on  Plate  1 5, 

METHOD  OF  MAKING  THE  TEST. 

The  first  problem  to  be  overcome  was  to  obtain  a method 
for  unbalancing  the  two  phases.  First  a large  lamp  bank  load 
was  placed  upon  phase  "A”  but  this  was  found  to  be  impractic- 
able as  the  resistance  of  the  leads  wa3  so  low  that  in  order 
to  obtain  a sufficient  amount  of  unbalance  a very  large  load 
had  to  be  added^  one  that  was  so  large  that  there  was  danger 


' 


of  overloading  one  of  the  phases  of  the  generator.  As  has 
been  stated  before  it  was  decided  to  place  a variable  resis- 
tance in  one  phase , in  addition  to  this  a lamp  bank  load 
which  was  fed  through  a transformer.  The  resistance  of  phase 
was  varied  but  the  resistance  of  the  line  remained  constant 
throughout  the  test.  Connections  were  made  as  shown  on  page 
and  the  motor  was  started  and  brought  up  to  speed  by  start- 
ing with  a 107/  pressure  and  gradually  bringing  it  up  by  regu- 
lating the  field  excitation  of  the  generator.  Headings  were 
taken  of  pressure,  current  and  power  in  each  phase  with  the 
motor  operating  and  then  the  circuit  to  the  motor  was  broken 
and  readings  of  pressure  were  taken  across  each  phase  without 
the  motor  on  the  line.  With  a constant  brake  load  or  the  ma- 
chine chine  supplied  by  a belted  motor  run  as  a generator,  the 
percent  of  unbalance  was  varied  by  varying  the  value  of  the 
resistance  in  Phase  "A”  and  readings  were  taken  as  above  for 
each  variation.  This  test  was  repeated  and  data  taken  for 
different  loads  on  the  motor.  A similar  series  of  tests  were 
made  with  an  inductive  load  in  series  with  the  lamp  bank  on 
Phase  ’’A”.  For  this  inductance  the  primary  of  a current 
transformer  was  used,  the  secondary  of  which  was  opencircuited. 
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DISCUSSION  OF  DATA  ADD  RESULT S . 

The  data  taken  in  those  tests  consisted  of  the  pressure 
across  each  phase,  the  current  in  each  phase  and  the  power 
supplied  by  each  phase  with  the  motor  operating,  and,  under 
the  same  conditions,  the  pressure  across  each  phase  without 
the  motor.  This  data  was  taken  for  various  loads  upon  the 
motor  and  for  various  amounts  of  unbalancing,  due  both  to  in- 
ductive and  non-inductive  loads  on  phase  nA".  From  this  data 
was  calculated  the  percents  of  unbalance  with  and  without  the 
motor.  The  percent  of  unbalance  in  each  case  was  taken  as 
the  difference  between  the  pressure  readings  of  the  two  phases, 
divided  by  the  pressure  reading  of  the  phase  which  had  the 

higher  pressure,  i.e.,  - Ea  , The  power  factor  for 

Eb 

each  reading  was  obtained  by  dividing  the  power  of 

each  phase  by  the  product  of  its  respective  current  and  press- 
ure, i.e.,  PF  * _IL. 

DEI 

The  motor  will  have  a balancing  effect  only  when  the  per- 
cent difference  in  phase  voltages  is  less  with  the  motor  oper- 
ating than  without  it.  Referring  to  Plate  Number  1 it  will 

be  seen  that  the  motor  has  a balancing  effect  throughout  the 

? 

whole  range  of  unbalancing^  only  when  the  motor  was  operating 
under  35  percent  of  its  full  load.  When  the  motor  is  loaded 

above  35  percent  of  its  full  load  it  has  a balancing  effect 
only  for  extreme  cases  of  unbalancing.  The  points  upon  these 
curves  marked  "X”  represent  the  amount  of  unbalance  at  which 
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the  wattmeter  readings  6f  phase  BAn  change  from  positive  to 
negative,  A negative  wattmeter  reading  in  phase  "A"  indicates 
that  instead  of  receiving  power  from  this  phase,  the  motor  is 
generating  and  giving  out  power  to  it.  The  data  indicates 
that  the  balancing  effect  of  the  motor  may  be  due  both  to  the 
fact  that  it  takes  the  greater  amount  of  power  from  the  phase 
of  higher  pressure,  with  consequently  a greater  inpedance  drop, 
and  that  it  may  generate  and  supply  power  to  the  phase  of  lower 
pressure . 

The  curves  shown  on  Plate  Z were  constructed  from  data 
given  on  pages  This  data  was  taken  under  the  3ame  con- 

ditions as  that  represented  by  the  curves  on  Plate  1 except 
that  an  inductive  load  was  added  to  phase  "A”.  These  curves 
have  practically  the  same  form  as  those  shown  on  Plate  ] ex- 
cept that  for  small  amounts  of  unbalancing  the  curves  on  Plate 
/ show  a little  more  balancing  effect  than  those  on  Plate  Z 

The  curves  shown  on  Plates  J—  3 were  constructed  from 
data  given  on  jpages  16-21,  These  curves  indicate  that  as  the 
percent  of  unbalance  increases  there  is  a very  rapid  increase 
in  the  power  taken  by  the  motor  from  phase  WB"  and  a corres- 
ponding  rapid  decrease  in  power  taken  from  phase  "A",  Ttie 
curves  also  show  well  the  points  at  which  the  wattmeter  read- 
ings change  from  positive  to  negative  as  previously  referred  to. 

The  curves  shown  on  Plates  S-/2were  constructed  from  data 
given  on  pages  ZZ-2  5.  These  curves  are  similar  to  those  shown 
on  Plates  3~8  except  that  the  curves  for  the  two  phases  over- 
lap for  small  percentages  of  unbalance.  The  reason  why  phase 


‘ 
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"A"  should  supply  more  power  to  the  motor  than  phase  "B”,  under 
these  conditions,  and  the  motor  still  show  a balancing  effect 
of  the  pressures  across  the  two  phases,  can  be  explained  from 
the  fact  that  the  power  factor  was  so  much  lower  in  phase  nBw 
than  in  phase  ’'A”  that  by  multiplying  it  by  its  corresponding 
pressure  and  current,  a lower  wattmeter  reading  could  be  ob- 
tained from  phase  ”B”  than  from  phase  "A”. 

The  curves  shown  on  Plates  I3~IQ  were  obtained  from  data 
given  on  pages  16-21.  It  is  interesting  to  note  that  the  power 
factor  of  phase  MA”  increases  very  rapidly  with  the  percent  of 
unbalance,  except  at  the  point  where  the  wattmeter  readings 
reverse;  here  it  suddenly  drops  to  zero  and  rises  again.  The 
power  factor  of  phase  f,A”  has  a tendency  to  remain  higher  than 
that  of  phase  "BP  under  all  conditions. 

The  curves  shown  on  Plates  I 9-Z 2 were  constructed  from 
data  given  on  pages  2 2-25.  These  curves  are  similar  to  those 
shown  on  Platesl3~J8  except  that  they  show  a little  lower  power 
factor  for  phase  "B"  under  the  same  conditions  of  motor  load, 

A set  of  data  was  taken  with  the  motor  phases  reversed, 
and  comparison  made  to  similar  data  taken  before  reversing, 
to  determine  whether  there  were  any  errors  due  to  the  con- 
struction of  the  machine.  Practically  the  same  results  were 
obtained  in  both  cases. 


CHARACTERISTICS  OF  MOTOR  ARE  CONSTRUCTION 


OF  CIRCLE  DIAGRAM, 

One  of  the  most  interesting  points  discovered  in  connec- 
tion with  this  thesis  is  the  fact  that  the  machine  will  oper- 
ate as  a motor  generator  when  running  below  synchronous  speed. 

Such  operating  conditions  were  obtained  as  follows.  The 
motor  was  started  in  the  usual  way,  that  is,  as  a two  phase 
machine  and  when  up  to  speed  phase  A was  opened  at  the  gen- 
erator which  was  equivalent  to  inserting  an  infinite  resistance 
and  obtaining  a hundred  percent  unbalance.  Upon  opening  this 
phase  the  voltage,  instead  of  dropping  from  440  to  zero,  only 
dropped  about  SO  volts  and  the  wattmeter  showed  a negative 
reading.  Exact  data  may  be  found  on  page2  6.  It  wa3  decided 
that  the  machine  was  operating  as  a single  phase  induction 
motor  taking  all  its  power  from  phase  B of  the  generator  and 
supplying  power  through  a transformer  to  a lamp  bank.  Prom 
the  data  just  referred  to  curves  were  plotted  as  shown  on 
Plates  23-25.  It  is  seen  that  the  maximum  efficiency  when 
operating  under  these  conditions  is ■ about  65  percent.  The 
power  factor  curve  shows  that  with  an  increase  of  power  cos,  0 
increases  in  phase  B and  in  phase  A remains  constant  and  equal 
to  one,  due  to  the  character  of  the  load  on  this  phase.  Plate 
shows  the  relation  between  watts  in  each  phase  and  pressure. 

In  phase  "An  we  see  that  as  the  power  increases  the  voltage 
decreases  the  curve  showing  the  variation  taking  the  form  of 
a straight  line. 
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Besides  determining  the  efficiency  of  the  machine  when 
being  run  aa  a motor-generator  it  was  thought  beat  to  show  some 
of  its  characteristic  curves  when  running  on  balanced  phases 
and  under  normal  conditions.  To  accomplish  this,  use  was 
made  of  the  Circle  Diagram,  By  this  method  accurate  results 
were  obtained  or  results  that  agree  with  the  manufacturer’s 
rating  of  the  machine.  Data  for  the  curves  and  diagrams  was 
obtained  by  running  the  motor  light  and  impressing  upon  it 
different  values  of  voltage  at  normal  rated  frequency*  The 
voltage  was  varied  from  above  normal  to  as  low  a value  as  the 
motor  would  operate  upon;  that  is.  it  was  varied  from  474  to 
33  volts.  Next  the  .rotor  was  blocked  and  different  values  of 
voltage  at  the  same  frequency  were  applied  sufficient  to  cause 
current  from  zero  to  50$  overload  to  flow.  Values  of  cur- 
rent, voltage  and  watts  in  each  phase  were  taken  and  also  the 
resistance  of  the  primary  winding. 

On  Plate  2 6 are  shown  curves  between  voltage,  which  in 

O 

each  case  are  used  as  abscissae,  and  watts  I'JR  loss  and  ampere 
input.  The  data  for  these  curves  was  taken  with  motor  run- 
ning light,  and  may  be  found  on  page 2 7 . The  watt  curve  was 
produced  until  it  cut  the  vertical  axis  and  then  at  this  point 
a line  was  drawn  parallel  to  the  volt  axis.  Now  the  friction 
loss  can  be  read  directly  from  the  curve  and  is  measured  in 
watts,  it  being  the  distance  to  the  line  parallel  to  the  volt 
axis.  Curves  were  next  plotted  using  data  shown  on  page  28 
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which  was  taken  with  the  rotor  blocked,  ampere  input  being  used 
as  abscissae  and  voltage,  watta  and  I2H  loss  as  ordinates.  In 
drawing  the  Circle  Diagram  as  shown  on  Plate  30  the  E.  M.  F.  is 
laid  off  in  a vertical  direction  and  is  used  as  one  axis,  the 
other  being  M A drawn  at  right  angles  to  it . With  0 as  a cen- 
ter laid  off  ]i  0 the  no  load  current  to  scale  one  inch  equals 
ten  amperes.  This  value  was  taken  from  the  current  curve  on 
Plate  and  for  the  normal  voltage,  that  is,  400  volts.  The 
current  vector  was  laid  off  with  the  proper  phase  relation  to 
the  voltage  M.  E.  0 K was  drawn  parallel  to  M A and  I.I  F was 
drawn  equal  to  the  short  circuited  (blocked  rotor)  current  at 
normal  voltage  and  frequency  and  at  the  proper  phase  relation 
with  M E.  Through  0 and  P passed  a semicircle  and  with  its 
center  in  0 K.  This  curve  is  the  locus  of  the  primary  cur- 
rent for  all  values  of  load  on  the  motor.  Took  any  value  of 
stater  current  as  M P.  Angle  E M P is  the  phase  angle  for 
this  input  and  P T represents  the  current  in  phase  with  the 
E M P , and  hence  may  to  the  proper  scale  represent  the  watts 
input  to  the  motor.  The  current  M T is  the  wattless  current. 

On  M E soma  distance  is  chosen  as  M D which  may  be  easily  di- 
vided into  one  hundred  equal  parts.  Using  this  as  a radius 
and  with  a center  at  M an  arc  of  a circle  was  drawn.  Through 
B the  intersection  of  11  P with  this  arc  B 0 was  drawn  parallel 
to  M A.  Then  M 0 is  the  power  factor  at  that  load.  The  dis- 
tance S T or  M N represents  the  no  load  losses.  Let  R S be 
taken  equal  to  the  additional  I^R  losses  in  the  primary  at  the 
load  current  M P,  The  straight  line  ORJ  was  drawn  and  also 
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0 F cutting  P T at  Q.  Then  Q R is  the  secondary  1%  loss  at 
this  load. 


Now 


P ? 
Q R 


slip  with  synchronism  as  unity, 
speed. 


Q P = Output  of  motor. 

0.  ? — efficiency. 

P T 

P R — torque  in  synchronous  watts. 

1\  . * v.r.l-:V-  - — torque  in  pound  feet. 

Synchronous  speed 


To  obtain  the  efficiency  directly  from  the  diagram  F 0 
was  produced  to  G and  the  perpendicular  G H was  drawn.  Pro- 
duced 0 P.  Then  line  H L wa3  drawn  parallel  tc  M A and  at 
such  a distance  as  to  make  it  easily  divisable  into  one  hun- 
dred equal  parts.  Drew  G P and  extended  it  to  H L cutting 
at  V.  L V is  then  the  percent  efficiency.  To  be  abl9  to 
read  the  slip  directly  from  the  diagram  0 W was  drawn  perpen- 
dicular to  0 K.  W X was  drawn  parallel  to  0 J and  at  such 
a distance  as  to  give  a convenient  scale  of  percent , or  R P M 
of  the  motor  at  synchronous  speed.  The  intersection  of  0 P 
produced  to  cut  the  line  W X at  Y gives  W Y the  percent  slip 
and  Y X the  full  load  speed  in  percent  of  synchronous  speed. 
Values  of  speed,  power  factor,  efficiency,  torque,  and  ampere 
input  were  taken  from  the  diagram  and  curves  plotted  using 
horse  power  output  as  abscissae.  These  curves  are  shown 
on  Plate  28, 


14 


CONCLUSIONS. 

For  circuits  unbalanced  less  than  twenty  percent  of  the 
pressure  of  the  phase  of  higher  pressure  the  two-phase  induc- 
tion motor  has  a balancing  effect  upon  the  phases  when  operat- 
ing at  loads  less  them  thirty-five  percent  of  rated  full  load. 

The  two-phase  induction  motor  may  be  operated  as  a motor 
generator  taking  power  from  one  phase  and  supplying  power  to 
the  other.  Under  such  conditions  the  efficiency  of  the  ma- 
chine is  low  as  compared  with  that  of  the  ordinary  form  of 
motor-generator,  Where  the  motor  has  a balancing  effect  on 
the  circuit  the  power  factor  of  the  phase  of  higher  pressure 
is  lower  than  it  is  under  normal  conditions  and  the  power  fac- 
tor of  the  phase  of  lower  pressure  is  higher.  It  will  be 

seen  that  where  the  motor  is  advantageous  in  balancing  the 
pressure  of  the  circuit  it  also  has  the  .disadvantage  of  un- 
balancing the  power  factors  in  the  phases. 
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